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were  found  to  be  at proximately  u . 6  x  10^  for  and  2.6  x  10^  for  Ko 
when  I  was  assumed  to  be  water,  a ni  2.Jj  x  1C •  for  and  9.7  x  I"14  for 
K-  when  I  was  assumed  to  be  nitrate  ion. 

Absor,  t  ion  sfec*ra  showed  peaks  for  Pd^-JH^^Clj  st  29?  rJU.  (£  = 

2">1)  and  for  PdvNH-OnClp  ?t  370  ( £  =  178).  In  addition,  all  solu¬ 

tions  containing  a  palladium- ammonia  complex  showed  intense  absorption 
at  wave  lengths  below  approximately  2h0  ryw.  . 

The  writer  wishes  to  express  his  appreciation  for  the  s^istance  and 
encouragement  given  him  by  Professor  Richard  A.  Reinhardt  of  the  j.  S. 
Xaval  Postgraduate  School  in  this  investigation. 
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I.  Introduction 


Dicblorodiara  iine.>nlladi  urn  (II)  cin  be  prepared  by  the  following 
aeries  of  react  ions  £ll] 


PdCl~  +  2C1"  -  PdCl. 


(1) 


Pd ( 1^ (s'1  ♦  h\TH3  =  2°d('lH  )*  +  +  hCl 


(3) 


Pd *  21{J  +  2C1~  =  W(NHj)2  C19(s)  *  2DH^ 


(h) 


In  a  preliminary  study,  and  under  a  limited  range  of  conditions,  Rein¬ 


hardt  [  1 SJ  found  that  in  the  initial  stages  of  the  reaction  (eq.  !*)  the 


rate  was  independent  of  the  concentration  of  hydrogen  ion.  This  observa¬ 
tion  aroused  interest  as  to  the  nature  of  the  kinetics  of  this  reaction. 
Dinitratodiamninepalladium  (II)  can  be  prepared  in  solution  by 


replacing  the  chloride  ion  in  equation  U  with  nitrate  ionLllJ. 

Ba.nerjea  and  Tripathi  [*8~]  reported  on  the  rates  of  stepwise  substi¬ 


tution  of  chloride  and  nitrate  groups  in  trans-dichlorodiamminepalladiun 
(II)  and  other  similar  palladium  compounds  by  various  reagents  of  dif¬ 
fering  nucleophilic  character.  The  reactions,  followed  by  conductance 
measurements,  were  found  to  be  of  the  S.,2  type  with  the  rates  decreasing 
in  approximately  the  same  order  as  the  nucleophilic  character  of  the 
incoming  groups.  Most  of  the  reactions  were  found  to  be  very  fast,  with 
the  majority  reaching  completion  in  less  than  one  minute  at  36°C. 

Bassolo,  Gray,  and  Pearson  reported  a  kinetic  study  of  the 
replacement  of  a  ligand  Z  in  platinum  (II)  and  palladium  complexes  of 


1 


thf>  tyne  Mt'dien)Z4  and  Mltripy)Z4  by  pyridine  in  aqueous  solutions. 
These  reactions  were  also  followed  by  measuring  changes  in  the  elec¬ 
trical  conauctivity  of  the  solutions.  For  the  palladium  complexes, 

I 

when  2  was  a  halogen,  the  calculated  infinite  value  of  conductivity  was 
reached  within  10  seconds  at  Z^.l^C  for  most  of  the  runs. 

From  studies  on  dichlorodiamminepalladium  (II’),  Reinhardt  reported 
[ 13 j  that  the  replacement  of  one  of  the  chloride  ions  by  water  is  a 
stepwise  reaction. 

Since  these  studies  showed  the  reactions  to  be  very  fast,  the  pro¬ 
posed  methods  of  analysis  for  this  study  were  limited  to  rapid  instru¬ 
mental  types  which  could  be  made  directly  on  the  reacting  solution. 

The  most  promising  types  were  potentiometric  and  spectrophotometric , 
with  measurement  of  the  pH  of  the  solution  as  the 


favored  method. 


II.  Experimental  Procedure 

.  ince  the  reactions  (en.  J  and  3)  leading  to  the  formation  of 
te  tramline  palladium  (II)  ion  produce  free  chloride  ions,  some  method 
was  sought  to  eliminate  the  chloride  ion  at  this  point  in  the  prepara¬ 
tion.  With  this  in  mind,  feasibility  studies  were  made  on  a  system  to 
produce  tetramminepalladium  (II)  nitrate.  Drew,  et  al.  Tll^  prepared 
this  compound  by  the  following  reactions- 


Pd^H^PdCl^  +  2AgN  .-3  =  Pd(DH3)^(N')3)2  +  Ag2PdCl| 
Pd(NH3)^:i2  +  2AgNC3  =  Pd(:;H3)^(N)3)2  ♦  2AgCl 


(5) 

(6) 


However,  to  eliminate  any  complications  produced  by  any  silver  ion 

remaining  in  solution  when  the  chloride  ion  was  added  (eq.  M,  it  was 

decided  to  prepare  Pd(NH^) ^(N''^),,  by  adding  excess  ammonia  to  Pd(N03)2  . 

'/.Tien  ammonia  was  added  to  Pd ( M'ty 0  dissolved  in  distilled  water,  an 

extremely  fine  brown  precipitate  formed,  which  was  believed  to  be  an 

oxide  of  palladium.  Following  removal  of  this  precipitate,  the  solution 

v. as  acidified  with  excess  HC1  and  the  reaction  followed  with  a  Zeromatic 

pH  m"t°r .  The  Pd(NH,)„Clo  desired  was  obtained  and  the  onttern  of  the 

j  ^  c 

change  in  the  hydrogen  ion  concentration  agreed  very  well  witn  that 
found  in  initial  studies  of  the  preparation  of  Pd ( M’r^) ^Cl^  by  equations 
2,  3  and  h.  Therefore  all  of  the  following  studies  were  conducted  on 
the  nitrate  system. 

A  Pd(NH  )  (NO  )  stock  solution  was  prepared  by  dissolving  five 
3  u  3  ? 

grams  of  Pd(N03)2,  obtained  from  Fisher  Scientific  Company,  in  500  ml . 
of  water.  Then  an  excess  of  NH^  was  added,  followed  by  gentle  heating. 
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after  which  the  solution  was  allowed  to  stand  for  an  hour,  After  the 
solution  was  warmed,  the  fine  brown  precipitate  formed.  Nitric  acid, 
which  had  been  boiled  to  remove  the  N  was  then  added  in  sufficient 
quantity  to  reduce  the  pH  to  o.97  1  1.12.  The  fine  precipitate  was 
then  removed  by  first  filtering  through  an  asbestos  mat  with  suction, 
followed  by  a  second  filtration  after  the  filtrate  had  been  mixed  with 
some  diatomaceous  silica  filter  aid  (Celite).  The  solution  was  diluted 
to  2000  ml.  and  then  analyzed  for  palladium  using  dime thylgly oxime  to 
precipitate  the  palladium. 

The  dimethylglyoxime  (DMGl  solution  was  prepared  by  dissolving  0.9 
gram  DMG  in  99  ml.  of  95%  ethyl  alcohol.  To  each  25  ml.  aliquot  of 
PdOlH-j^NO.^  stock  solution,  2  ml.  of  acetic  acid  and  25  ml.  of  the 
DMG  solution  were  added.  The  resulting  solution  was  then  diluted  to 
300  ml.,  warmed  gently  and  allowed  to  stand  for  at  least  one  hour.  The 
precipitate  was  filtered  through  a  sintered  glass  crucible  using  suc¬ 
tion.  After  testing  the  filtrate  for  incomplete  precipitation,  the 
precipitate  was  washed  first  with  a  one  percent  HC1  solution  and  then 
cold  water.  The  precipitate  was  then  dried  in  an  oven  at  110°C  for 
periods  of  one  hour  until  constant  weight  was  achieved.  The  masses  of 
the  precipitates,  as  determined  on  a  Mettler  type  H-16  balance  (accurate 
to  1  1.10002  grams)  were  0.02598  grams,  0.02600  grams  and  1.12613 

grams.  An  average  value  of  0.02601  grams  was  used  in  the  calculation. 
The  concentration  of  palladium  in  the  stock  solution,  as  determined  by 

using  O.31o7  as  the  theoretical  factor,  was  3.191  x  11"^  M. 

% 

The  amount  of  NHi  NO,  in  the  Pd(NH..),  (NO  1  stock  s  lution  was 
h  3  3  It  3  2 

determined  by  evaporating  to  dryness  a  25  ml.  sample  of  tne  solution  and 
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weighin'  the  residue.  The  masses  of  the  residue  were  1 . ^7 091  prams, 
1.97C91  grams  and  1.97C99  prams.  An  average  value  of  1.97093  grams  was 
used  in  the  calculation.  The  quantity  of  Pd(NH^)^(:iO^)^  ,  correspond¬ 
ing  to  the  concentration  of  palladium  determined  above,  was  subtracted 
and  the  remainder  was  ITri^N  J-  .  Thus  the  NH^NO^  was  1.77 <->3 9  M. 

The  nitric  acid  solutions  used  in  the  runs  were  titrated  against 
a  commercial  brand  (Hellige  Certified  Reagent)  1.1101  N  sodium  hydroxide 
solution. 

All  pH  measurements  wore  made  with  a  Beckman  model  G3  pH  meter 
(Ser.  ,^173UP6>  with  a  general  purpose  external  shielded  glass  electrode 
(".'alia 98)  and  a  fiber  type  external  shielded  calomel  electrode  ((09170). 
This  instrument  has  a  sensitivity  and  reproducibility  of  il.0029  pH 
units  M.  At  29.0°C  the  pH  of  the  sample  measured  by  the  G3  pH  meter 
is  calculated  by 

PHS  =  PHb  ♦  O.10338l(rb  -  rg)  (7) 

where:  pHs  =  pH  of  sample 

pH^  =  pH  of  buffer 

r^  =  duodial  reading  for  the  buffer 
rg  =  duodial  reading  for  the  sample. 

Prior  to  each  run  the  model  GS  pH  meter  was  calibrated  with  stan¬ 
dard  commercial  buffers.  Due  to  lack  of  availability  of  buffers  and 
tae  pH  range  to  be  covered,  various  brands  of  buffers  had  to  be  used. 

The  buffers  used  were; 
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a.  pH.vrfrion  pH  3.00  (b.OO)  1  1.05  =»  2^.  0°C 

b.  1ec<man  pH  7.0?  1  ''.O?  '»  ?0.0°C 

pH  7.0  0  1  ).  )2  1  25.  j’c 

pH  t.‘-7  1  0.0?  ^  liO.  0°C 

c.  Coleman  pH  3.01  (b.Ol)  1  0.01  ?«M°C 

pH  3. 00  (h.OOO  1  \01  30.0°C 

411  of  th^  reactions  were  run  in  a  small  water  bath  using  a  Fisher 
electronic  control  relay  and  a  Philadelphia  microset  tnernostat,  which 
held  the  temperature  at  ?5.0°C  1  0,02.  The  stock  solutions  were  kept 
in  the  same  water  bath.  This  reduced  the  time  required  for  the  solu¬ 
tions  used  in  a  run  to  attain  the  operating  temperature,  and  also 
reduced  to  a  minimum  any  errors  in  volumetric  measurements. 

The  procedure  for  each  run  was  as  follows: 

a.  The  model  GS  pH  meter  was  turned  on  and  allowed  to  warm  up. 

b.  4  150  ml.  beaker  which  had  been  cleaned,  dried  in  an  oven  and 
placed  in  the  water  bath  was  partially  filled  with  buffer  solution. 

c.  The  electrodes  were  rinsed  with  distilled  water,  dried  with 
tissues  and  placed  in  the  buffer  solution. 

d.  The  pH  meter  was  read  until  a  constant  duodial  reading  for  the 
buffer  was  obtained.  This  usually  took  15-31  minutes. 

4-  4- 

e.  The  pri(NH-j^  solution  and  sufficient  water  to  make  a  total  of 

110  ml.,  less  the  amount  of  acid  to  be  added  later,  w°re  pipetted  into 

another  cleaned  and  dried  150  ml.  beaker.  The  pipettes  were  rinsed 

three  times  witn  the  salitior.  to  be  measured  prior  to  transferring  the 

solution.  Following  every  transfer  the  pipettes  were  all  »wed  to  drain 

for  20  seconds.  , 
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f.  The  electrodes  were  removed  from  the  buffer  solutio'.,  rinsed 
with  distilled  water,  dried  with  tissues  and  placed  in  the  solution 
from  (e),  which  was  now  in  the  water  bath. 

g.  The  a'iove  solution  was  allowed  to  stand  in  the  water  bath 


about  l£  minutes  to  insure  that  it  was  again  at  During  this 


time  tne  acid  solution  was  removed  from  the  bath  and  the  pipette 
rinsed . 

h.  The  acid  was  th^n  added  and  the  electric  clock  started  when 
the  pipette  bulb  was  approximately  half  empty. 

i.  The  pipette  was  allowed  to  drain  and  the  solution  was  stirred. 
By  the  time  the  pH  meter  could  be  balanced  the  earliest  reading  that 
could  be  made  was  one  minute  after  starting  the  clock.  The  times  of 
subsequent  readings  are  shown  in  the  tables  in  the  appendix.  The 
reaction  solution  was  stirred  manually  by  means  of  a  curved  glass 
stirring  rod  at  least  once  between  each  reading  for  the  first  ten  min¬ 
utes  and  thereafter  at  frequent  intervals  during  the  remainder  of  the 
run. 

In  order  to  obtain  a  reasonable  change  ir.  pH  of  the  reaction  solu- 

-f 

tion,  with  the  relatively  low  concentration  of  Pd(MH^)^  ,  all  but  two 
runs  were  conducted  with  the  initial  concentration  of  hydrogen  ion  and 
?d(’.IH^)^+  of  the  same  order  of  magrdtude.  The  other  two  runs  were  con¬ 
ducted  by  isolation  with  the  hydrogen  ion  as  the  limiting  reactant. 

The  concentration  of  ammonia  in  the  reaction  solution  was  computed 
from  the  measured  hydrogen  ion  concentration  of  the  stock 

solution,  using  the  equilibrium  relation  for 


(8) 
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Since  the  concentration  of  ammonium  ion  vns  already  known,  the  ammonia 

concei  t ration  was  easily  de Lernined .  However  the  calculvted  ammonia 

concentration  is  extremely  sensitive  to  a  very  small  variation  in  the 

rr  asoreo  value  of  hydrogen  ion  concentration. 

A  limited  number  of  runs  were  conducted  on  a  Beckman  model  DU 

spectrophotometer.  A  hydrogen  arc  lamp  and  matched  silica  cells  (path 

length  of  1.DJ0  cm.)  were  used  to  study  absorbance  in  the  range  of 

22v-LOO  myu  .  A  calit ration  over  the  range  concerned,  showed  the  two 

cells  to  be  matched  within  the  reading  accuracy  of  the  instrument. 

Distilled  water  was  always  used  in  the  reference  cell.  These  runs  were 

intended  to  provide  information  as  to  the  rate  of  f orm  tt  i.oi:  of 

:’d(tJK.  ),,C1„  from  absorbance  measurements  over  a  period  of 
j  £  e 


a 


III.  Experimental  Results 

A.  Absorption  Spectra 

The  results  of  the  experimental  runs  are: 

a.  A  solution  of  U.  ft  x  ll"^  H  Pb(!jH^)^+  prepared  by  equations  1, 

2  and  3  showed  absorbance  ^log  ~o)  peaks  of  '.990  at  295  m/4  and  an 

I 

increasing  absorbance  at  22")  rn/c  (curve  A,  fig.  1).  220  myu.  is  the 

lower  1. ijr.it  of  the  model  DU  spectrophotometer .  Beboaba  [^5j  reported 
the  major  absorption  neak  of  Pc (NTi^Cl^  dissolved  ir.  water  a3  2gl  m/*  . 

b.  The  solution  from  i^a)  was  acidified  with  excess  HC1  and  allowed 

to  stand  until  Pd(!<H1)^Cl0  crystals  a opeared.  Examination  of  trie  sol  l- 
tion  showed  absorbance  peaks  of  at  391-395  rryt. ,  l.PO1-  at  275  w/U. 

and  pr-.-ater  than  3.1  between  220  and  2liC  rye  (curve  E,  fig.  1'. 

c.  A  saturated  solution  of  PriOiH^^Cl,,  crystals  dissolved  in 
c.istilled  water  showed  an  absorbance  peak  of  0.200  at  370  w.yc  and 
greater  than  3.  >  between  220  and  235  nyc  (curve  C,  fig.  1).  3abeaba^5j 
reported  the  major  absorption  peak  of  Pd(MH^)0Cl^  as  376-360  m^uc 

d.  \  9.667  x  10”‘  N  solution  shoved  only  the  absorbance  peak 

of  0.7 OU  at  300  w.yu.  ,  which  can  be  attributed  to  the  nitrate  ion  (curve 

B,  fig.  2).  The  Pd(NH^)jj(.Ni  stock  solution  showed  the  extremely 
strong  absorption  peak  of  the  nitrate  ion  and  an  absoi’bance  greater  than 
3.1  below  21*5  myc  (curve  A,  fig.  2''.  These  absorptions  were  sufficiently 
strong  tc  screen  the  known  Deaks  of  Pd(fiH^),Cl_  and  Pd(NH_’) .Cl.  if  these 

u  u  2  _}  2  2 

hau  been  present. 

The  strong  absorption  below  250  nyt  could  not  be  associated  writh 
any  part.icul.ir  spf  ci  *s,  but  appeared  whenever  a  palladium-amnonia  com- 
nounrl,  of  one  form  or  another,  was  present.  Since  these  results  indicated 
that  this  method  was  not  feasible  to  determine  the  rate  of  production  of 
?c('iH^)„:i2  ,  further  studies  were  abandoned. 
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Absorbance 


Figure  1 

Absorbance  vs  Wavelength 


200  300  *  400 
Wavelength  in  millimicrons 

A.  4.926  x  10  3  M  Pd(NRj)f^  prepared  by 

equations  1,  2  and  3 

B.  Solution  (A)  acidified  with  excess  HC1  until 

crystals  of  PdOlH^C^  appeared 

C.  Saturated  solution  of  PdCNR^Cl^  crystals 

dissolved  in  distilled  water 
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Absorbance 


Figure  2 


Absorbance  vs  Wavelength 


Wavelength  in  millimicrons 

A.  Pd(NH^)^+  Stock  Solution 

B.  9. £67  x  10”^  N  HNO^  Solution 
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B.  pH  Measurements 

-4  total  of  23  runs  were  conducted  by  pH  measurements,  of  which  five 
were  discarded  because  of  instrumental  difficulties  and  three  were  dis¬ 
carded  for  human  errors.  Seven  runs  were  conducted  on  the  system  of 

Pd(.VH_),  (NO,)-  plus  hydrogen  ion  and  chloride  ion  before  it  was  realised 
3  U  3d 

that  it  is  possible  to  also  p  repare  Pdv!W^)p(N  in  this  manner  £ ]  1^ . 
Thus,  the  possibility  existed  of  producing  PdOJH^),/:]''^)^  and/or 
PdOffl^^Cl^  during  the  course  of  the  reaction,  and  therefore,  the  remain' 
der  of  the  runs  were  conduced  on  the  preparation  of  Pd(NH,',(N  by 

Pd(NH3)^+  +  2  H+  +  2  ir~  •  Pc?(NH3'»2(Nr»3)2  +  2  NhJ  (9) 

Throughout  all  of  these  runs  the  hydrogen  ion  concentration  dropped 
at  a  slowly  decreasing  rate  from  t  =  h  to  1  >  lpOO  seconds  (curve  A, 
fig.  3).  Jne  set  of  runs  (dll  and  *j  13)  conducted  with  a  very  low  chlo¬ 
ride  ion  concentration  behaved  almost  identical]-/  with  those  without  the 
chloride  ion  and  is  also  included  (curve  P,  fig.  3).  The  data  for  all 
the  runs  on  Pd(fJH,  )„  (NO,  )0  are  presented  in  the  appendix  (table  3). 
Examination  of  table  3  shows  a  small  difference  in  the  hydrogen  ion  con¬ 
centration  at  t  =  6h  seconds  for  two  identically  conducted  runs;  runs 
h 11  and  £13  in  table  3b  are  an  example.  This  difference  resulted  from 
a  variation  in  the  time  of  starting  the  clock,  which  was  when  th° 
pipette  bulb  was  approximately  half  empty.  Thus  a  few  seconds  differ¬ 
ence  in  timing  of  two  similar  runs  was  very  possible. 

Since  the  overall  reaction  is  a  double  substitution,  the  logical 
choice  is  a  mechanism  with  consecutive  reactions  of  the  type 
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Hydrogen  Ion  Concentration  in  Moles  per  Liter 


Figure  3 


Hydrogen  Ion  Concentration  vs  Time 

A.  Initial  Concentrations  (table  3a) 


iH 

X 


Time  in  Seconds  x  10 


.-2 
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4  ♦  B 


C  ♦  D 


(IV 


kp 

B  -  C  — c—>  E  +  D 


(ID 


Th^  general  form  of  this  results  in  a  differential  equ -tion  for  which 
there  is  no  elementary  solution.  However,  wh"n  k^  >^>  kp  the  first 
step  is  essentially  complete  before  the  secon.i  starts,  so  that  each 
phase  of  the-  reaction  can  be  treated  separately  as  a  simple  second  order 
reaction.  Tlv  integrated  form  of  the  rate  law  for  a  single  step  reac¬ 
tion  (such  as  ec.  11)  is 


k  t  s  2 


.30 3  log  AoB 


(12) 


r>  a 

0 


whore  A  *  A  -  B  +  B 
o  0 


For  equation  9,  one  possibility  for  the  first  step  of  the  substitu¬ 
tion  is 


Pd(:iK3^+  -  H*  *  'A  ~ 


?d(!*K3)3(N.'3)  ♦  NHj, 


(13) 


Since  the  concentration  of  nitrate  ion  in  these  studies  was  essentially 
constant  during  the  course  of  the  reaction,  the  above  rate  lav.  could 
properly  be  applied  to  this  single  step  (■'•a.  13).  Thus 


k 1 1 

1 


=  2.303 


log 


[:Q  -[M(:ayy]o  [H*]o[>d(NH3)y] 

where  k  =  k^  f(pNtZ  I) 

1  1  >-  3 J 

Similar  equations  apply  to  the  second  step  of  the  substitution, 


(lL) 


lli 


In  runs  £16  an  1  //?i,  conducted  by  tne  isolation  technique  with  the 
hydrogen  ion  as  the  limiting  reactant,  £h+J0  -  H+  was  less  than 

r*KKHjri  ,  which  rieans  that  in  these  runs  the  majority  of  the  reac- 
t-  J  u  —  o 

tion  involved  only  the  first  substitution.  Applying  equation  12  to 
these  runs  resulted  in  reasonably  constant  values  of  k^  for  a  particu¬ 
lar  set  of  point-b-  -point  calculations.  However,  the  value  of  kj  varied 

from  1.2  to  25  liter  depending  on  the  value  of  ["h+J  used  in  the 
mole  sec. 

calculation.  Extrapolation  for  the  effective  initial  concentration  of 
hydrogen  ion  was  very  difficult  and  of  doubtful  accuracy  for  this  set 
of  runs  because  most  of  the  change  in  the  concentration  of  hydrogen  ion 
was  complete  within  foul*  to  five  minutes.  This  resulted  in  a  curve  of 
DO  vs  time  with  a  large  initial  slope  which  in  turn  led  to  a  wide 
range  of  extrapolated  values  of  f"h'+ ]  . 

-  n 


Analysis  of  the  above  set  of  runs  brought  to  light  a  discrepancy 
in  these  rms,  which  was  that  the  effective  initial  hydrogen  ion  con¬ 
centration  ( £ H  j^)  could  not  accurately  be  predicted  beforehand.  The 
cause  of  this  discrepancy  was  the  inaccuracy  of  the  measured  value  of 

the  t>H  of  the  Pd(NH_.),  (NO  )  stock  solution,  which  resulted  in  inac- 

3  U  3d 

curate  values  for  the  initial  ammonia  concentration  (  0 )  •  This  in 

turn  resulted  in  inaccurate  values  of  •  For  example,  an  increase 

of  0.0?  pH  units  of  the  measured  value  of  the  Pd(NH^)^(N0^)„  stock  solu¬ 
tion  would  result  in  a  33^  decrease  in  £h  ^  f°r  runs  #1 6  and  #21. 

This  particular  effect  appeared  in  all  of  the  runs,  but  to  a  much  lesser 

extent  in  the  others. 
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The  best  estimate  from  graphical  analysis  of  runs  #16  and  #21  is 


that  is  approximately  15-20  liter  .  To  test  this  estimate,  the 

mole  sec. 

hydrogen  ion  concentration  at  t  =  60  seconds  of  runs  #6,  9,  11,  12  and 
20,  in  which  the  observed  hydrogen  ion  concentration  at  t  =  60  seconds 
greater  than  ,  was  calculated  from 

k!  t  =  g-3^3  iog  V?  '  (15 

1  -  A„  B_  A 


was 


i 

where:  =  20  liter 

mole  sec  . 


Bo  =  [h*]?  (from  table  1) 

A  =  f Pd(NH  ')5  +  j  (from  table  2) 
°  3  U  Jo 


These  particular  runs  were  chosen  because  the  observed  change  in  hydro¬ 
gen  ion  concentration  by  t  =  60  seconds  was  less  than  that  required 
for  completion  of  the  first  substitution.  Therefore,  the  second  step 
was  assumed  to  have  progressed  to  a  negligible  degree  and  thus  would 
not  complicate  the  calculation.  These  values  are  presented  in  table  1. 

The  calculated  values  agree  reasonably  with  the  observed  values 
and  therefore  the  approximate  value  of  k|  is  in  accord  with  the  observa 
tions.  This  value  of  indicates  that  the  majority  of  the  first 
substitution  is  completed  prior  to  the  first.  pH  readings  taken  of  the 
reaction  solution  in  the  other  runs.  Therefore,  it  is  reasonable  to 
assume  that  k-j  ko  ,  and  that  it  is  possi  le  to  calculate  k!  also 
from  a  simple  single  step  rate  law.  Applying  the  rate  equation  of  the 
second  substitution  (similar  to  eq,  In)  to  the  cat  a,  using  extrapolated 
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Run 

Mi 

m2 

8 

It  .933*9  C 

3.289  C 

9 

1.1.9335 

3.289 

11 

U.US2 

2.895 

13 

U.U82 

2.795 

lii 

U-93 39 

it.  061 

20 

2.1667 

1.595 

22 

9.867 

8.122 

23 

9.867 

8.122 

1.  Calculated  by  equation  15 


Table  1 


MJj 

CH*]6o(obs) 

M6o!ca: 

l.bit3  C 

1.976  C 

1.90U  c 

1.613 

1.970 

1. 90b 

1.1*91 

l.o25 

1.022 

1.U91 

1.996 

1.622 

3.258 

3.125U 

0.822 

0.895 

0.929 

6.576 

6.109 

6.576 

5.922 

valujs  of  I  1  fron  curves  o*'  £-I+J  vs  t  uth  ,  resulted  in  a  reasonably 
constant  value  of  kd  for  each  set  of  runs  (table  2).  These  vol  tes  are 
consistent  with  the  previous  ass  uvotion  that  »  l<2  •  (The  values 
of  k,,  presented  in  table  2  are  the  average  value  for  the  first  60")  sec¬ 


onds  of  the  runs.  After  00 1  seconds  the  individual  values  of  k£  began 
to  decrease  slowly,  apparently  as  equilibrium  was  approached.  ice  fi  , 
Li  and  table  3.^  However,  comparison  of  values  of  kA  (ivg.)  for  different 
sets  of  runs  at  the  same  initial  concentration  of  Pd(Nn^)£+  showed  a 
small  but  definite  difference. 

Ex-tmi nation  of  table  1  shows  that  in  runs  #ll,  22  and  23  the 
M  6-,<obs-'>  is  less  than  f which  indicates  that  most  of  the 
first  and  part  of  the  second  substitutions  have  occurred;  whereas  in 
the  remaining  runs  the  substitutions  have  not  progressed  as  far.  Since 
the  hydrogen  ion  concentration  at  t  -  6")  seconds  corresponds  to  dif¬ 
ferent  degrees  of  progress  of  the  first  and  second  step  of  the  reaction, 
the  observed  values  of  kA  ,  calculated  by  using  graphically  extrapolated 
values  of  j^H+  J  (table  2),  will  show  a  slight  variation  for  several 
runs  at  the  same  initial  concentration  of  Pd(NH^)£+  ,  lut  at  different 
values  of  (_H+J  .  The  more  hydrogen  ion  that  was  consumed  reacting 

with  Pd(NK-j)£+  from  t  *  0  to  t  =  60  seconds,  the  lower  will  be  the 
observed  value  of  kA  .  For  example,  (obs.)  is  greater 

in  runs  ~22  and  #23  than  it  is  in  runs  #8  and  #9,  and  kA(ivg.l  is  lower 
for  runs  $22  and  /-2 3.  Thus,  the  variation  of  the  observed  values  of 
kA(avg.')  for  the  same  initial  Pd(MH.^+  concentration  is  at  least 


qualitatively  accounted  for. 
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Tabl*»  2 


Run 

kjCavg) 

8 

1.516  c 

''.7)0  liter 

•nole  see 

Q 

1.516 

0.692 

n 

l.holi 

0.717 

13 

l.liOU 

0.7U 

Li 

0.7728 

1.25 

21 

0.7728 

1.59 

*- 

l.  iT 

1.5U 

^  .238 

J3 

1.5U6 

0.1 99 

(avg)  = 

L'VSJo  * 

[M-]  (»ve)  -  n 


r-<i (av£) 

f H  jj  (avg) 

0.3901  M 

0.3686  m 

2.3901 

0.3886 

o.  351*5 

0.3537 

o.35li5 

0.3' 37 

0.19^ 

o.iyl2 

0.1951 

0.1911 

0.3908 

0.3896 

0.390° 

0.3896 

r»4Ji  -  [-'I i 

2 

'[■^Clo  -Mz-DOu 
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Figure  4 


log  l?d^:1H3^  l  I-11  vs  Time 

[HtJ0  [Pd(NH3)^J 


20 


From  equation  lii 


k'  =■  k  f(  [n  2~)  ) 

Comparing  runs  #8,  9,  11  and  13  with  runs  ftlb  and  20  shows  k.2  for  the 
first  group  to  be  approximately  half  of  the  value  for  the  second  group. 
In  order  to  account  for  a  lower  value  of  ko  at  a  higher  salt  concen¬ 
tration,  it  appears  that  k^  must  be  equal  to  one  of  the  following 


inasmuch  as  [  NHjl  £"n  3  throughout.  (No  experimental  runs  were 

conducted  with  varying  ammonium  or  nitrate  ion.)  All  of  these  forms 
indicate  that  an  equilibrium  is  involved  somewhere  in  the  mechanism 
prior  to  the  rate-determining  step.  However,  insufficient  information 
was  available  from  these  studies  to  arrive  at  any  conclusions  concern¬ 
ing  the  mechanism. 

The  evidence  collected  in  these  studies  indicates  the  following 
forms  of  the  rate  laws;  for 


?d(NH  )++  +  H  +  Y  -  Pd(NH,),(Y)  +  NH+ 

3  U  3  3  U 


d(V] 


dt 


and  for 


.  k  [Vj 

1  "  CO 

where  k^  is  approximately  3-b  second 


-1 


(16) 


Pd(NH3)3(Y)+"  +  H+  +  Y  =  Pd(NH3)2(Y)J+  + 


-ip]  -  *?  [■W(JH3)3(Y)+*]  [  H* 


dt 


CO 


where  k.-  is  approximately  0.2  second 


-1 


(1?) 
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1.  E*.,  .ilibrium  Relations 

dince  an  approach  to  e  lu ilibrium  is  indicated  ty  t  h^  trend  ot  the 
individual  values  of  v  table  31,  .approx  imr  te  v  tluos  for  tie  possible 
equilibria 

/  ' 

Pd(hH.),+  +  +  H*  +  Y  —  ^  Prt(NH  )  ,(Y)++  +  NH,+  (16) 

J  *4  J  J  u 


Pd(NH^(Y) 


(Y)r 

J  /  c: 


*  NH.+ 

u 


(17) 


where  Y  =  H^O  or  N  ^ 

were  calculated. 

Runs  //lo  and  /  'ell  involved  primarily  only  the  first  substit  ition 
and  therefore  only  the  first  equilibrium  was  assumed  to  be  applicable. 
Hydrogen  ion  concentrations  were  extrapolated  to  t  =  oo  by  plotting 
^H’r]  vs  (time)-''-  (see  fig.  ?).  The  other  concentrations  were  found 
from: 


[pd(;n3)p  J 


.  r 


OO 


-  PO„> 


(13) 


[cd(rH3)3(Yl+J  J 


oo 


(1» 


O).*]  - 


(VJ 

t  -doo 


=  3.3  X  10 


-7 


M 


From  these,  was  calculat-  i  t  o  be  I4.6  x  10'  when  Y  was  assumed  to  be 
water  and  2.L  x  10'  when  Y  was  assumed  to  be  ni+rate  io:..  )f  the  o*.her 
runs,  only  -?8,  9,  and  20  could  reasonably  be  extrapolated  to  t  =  00  . 
For  these  runs  only  the  second  equilitrium  was  assurv-u  to  be  .ipplir  at  . 


Hydrogen  Ion  Concentration  in  Moles  per  Liter 


Figure  5 

Hydrogen  Ion  Concentration  vs  Reciprocal  Time 


The  concentrations  wer^  found  from 


L  3  3  J0  1 

r?d(JH13^  +  n  (asjumed') 

(2V- 

[pacs.UY)*  ^  - 

[H(!ill,)3(Y)"]0  -  <[h*]3  .[h^) 

(22) 

[r«ii«3)2i.');  \  -  1 

m  -  VI 

(23) 

[i;.y]  -  [,thJ]  (ivg 

. )  (from  table  2) 

[h*^  :  Runs  #8  and  #9  1.08  x  lO-3  M 

Run  #20  l  .SO  x  10~h  M 


I  l 

Fron  these  was  calculated  to  be  2.1  x  1'r  and  3.2  x  10u  when  Y  was 

C 

assumed  to  be  water,  and  . L  y  l"^4  and  1.6  x  103  when  Y  was  assumed  to 
bt  nitrate  Ion. 

These  values  are  only  approximate,  but  they  at  least  indicate  the 


relative  orders  of  magnitude  of  the  equilibrium  constants  involved. 
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Table  3a 


Initial  Joncentrations  *  mM) 


Pd(NH3)l4(NJ>3)2 

1.51(55  c 

0.38820  M 

time 

Run  #B 

Run  A9 

seconds 

H+  (1.0.20  C) 

k'  liter 

H+  (1.0.2 

0  C)  k'  lit 

mole  sec . 

mole  s< 

0* 

2.0930  C 

2.0865 

r 

\J  —  —  —  —  — 

60 

1.9758 

0.666 

76 

1.9168 

0.766 

90 

1.9257 

0.655 

320 

1.8711 

0.61(0 

l.°667 

0.639 

i5o 

1.8137 

0.702 

1.8208 

0.639 

180 

1.7650 

0.689 

1.7650 

0.66b 

210 

1.7lb9 

0.689 

2b0 

1.6619 

0.737 

1.6701 

0.70C 

270 

1.6202 

0.72b 

i.6bo5 

0.686 

300 

1.5806 

0.712 

1.5890 

0.709 

330 

1.5523 

0.7  bO 

1.6535 

0.709 

360 

1.522b 

0.725 

1 . r2b6 

0.7n9 

390 

l.b8b9 

0.726 

l.b919 

0.721 

h20 

l.h620 

0.726 

h5o 

1.1(31(9 

0.722 

l.bbo5 

0.700 

U8o 

1.1:128 

0.713 

l.blbl 

0.6b9 

510 

1.3888 

0.716 

51(0 

1.3620 

0.713 

1.3727 

1.693 
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time 

seco 

r7) 

600 

660 

720 

?80 

6l0 

900 

960 

1020 

1080 

lllO 

1200 

1260 

1320 

1380 

HilO 

1500 

1800 

2101 

2b00 

3600 


Table  3a  (cont'd) 


Run  B  Run  #9 


H4 

k' 

H+ 

ic‘ 

1.3398  C 

r 

1.3231 

0.702 

1.3327 

0.687 

1  .2878 

0.688 

1.2968 

0.668 

1.2081 

0.678 

1.2669 

0.653 

1.2310 

0.669 

1.2396 

1.2211* 

0.6h2 

0.591 

1.1812 

1.1711 

0.690 

1.2026 

0.581 

1.1603 

1.1539 

0.602 

1.1730 

0.578 

l.lLll 

1.1522 

0.511 

1.1229 

1.1206 

0.531 

1.1177 

1.1160 

1.1291 

0.b71 

0.151 

1.1131 

1.1117 

1.1022 

1.0988 

1.0996 

1.0996 

1.1117 
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Table  3b 


Initial  Concentrations  (C  =  mM) 
Pd(\'H3^(MC3)?  1.606 

N’Hlt>n3 


KC1 


9.5 Ox  10"^ M 


time 

Run  #11 

Run 

#13 

seconds 

H*(iO.. 

30  C)  k'  liter 

mole  sec . 

H+(i0.30  C) 

k'  li 
mole  ; 

0* 

1.7221 

C  - 

1.6916  C 

60 

1.0283 

0.785 

1.5957 

0 . 666 

90 

1.5820 

0.683 

1.5528 

0.800 

120 

1.5661 

0.57  6 

1.5111 

0.666 

150 

1.5205 

0.628 

1 .1636 

0.610 

180 

1.1.621 

0.72). 

1.6263 

0.7^5 

210 

1.1276 

0.689 

1.3785 

0.761 

260 

1.3871 

0.721. 

1.3138 

0.783 

270 

1.3510 

0.760 

1.8932 

0.772 

300 

1 . 3207 

0.760 

1.2812 

0.7^6 

360 

1.20.6 

0.765 

1.221.7 

0.767 

120 

1.2112 

0.761 

1.1766 

0.762 

68o 

1.1753 

0.726 

1.1262 

0.783 

56o 

1.1216 

0.750 

1.1016 

0.761 

600 

1.0796 

0.766 

1.0796 

0.706 

66  0 

1.0613 

0.721 

1.0665 

0.703 

720 

1.0328 

0.715 

1.0256 

0.672 
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Tab le  3b  (cont'd ) 


time 

Run  #11 

Run  #13 

seconds 

H+  k' 

H+ 

k' 

780 

- C  - 

3.0058  C 

0.663 

euo 

0.9902  0.581 

0.9988 

0.628 

900 

0.9795  0.655 

0.9772 

0.600 

1320 

0.9552  . 

0.9606 

11U0 

0.9ii65  - 

0.9U58 

1260 

0.9311  - 

0.9312 

1380 

0.9298  - 

0.92h7 

1500 

0.9211  - 

0.9197 

l8O0 

0.9105  0.38? 

0.9105 

0.380 
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Table  3c 


Initial  Concentrations 

(C  =  inM) 

Pd(W3)u(no3)2 

).7728  C 

NH.  NO, 
u  3 

0.19U1  M 

time 

Run  #lh 

seconds 

H+(i0.10  C) 

k’  li- 
mole  , 

0* 

3.2072  C 

60 

3.0?5h 

l.hl8 

90 

2.9235 

1.650 

120 

2.8783 

1.521 

150 

2.8U71 

1.396 

180 

2.8361 

1.206 

210 

2.8010 

1.186 

2h0 

2.7556 

1.2li3 

270 

2.7279 

1.223 

300 

2.7130 

1.1th 

360 

2.677U 

1.100 

U20 

2.6LU2 

1.083 

180 

2.6115 

1.082 

5U0 

2.5812 

1.096 

600 

2.5592 

1.090 

660 

2.5197 

1.222 

720 

2.5080 

1.198 

780 

2.U866 

1.285 
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Table  3c  ( coat'd) 


time 

seconds 

8I4O 

900 

1020 

llilO 

1260 

1380 

1?00 

1800 

2700 


Run  #lli 

H+  k' 

2.)j673  C  1.22? 

2.  hi  62  l.iilO 

2.3972  - 

2. 3'°  80  - 


2.3620 
2.2968 
2 . 3117 
2.2807 
2.2178 
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Table  3d 


Initial  Concentrations 

VC  -  mM) 

7.728  C 

NH,  K  ' 

U  3 

0 . 1  -hi  m 

time 

Run 

seconds 

H*  (17  .0  0) 

k'  li 
nole  ; 

0* 

9.5758  c 

60 

£.9198 

1.553 

90 

6.66-86 

1.813 

120 

8.8030 

1.505 

i5o 

8.1707 

1.898 

180 

7.9208 

3.557 

210 

7.0775 

1.555 

280 

7.8822 

1.583 

270 

7 . 0062 

1.730 

300 

7.0820 

1.^96 

331 

6.8795 

3.625 

360 

6.7870 

1/90 

820 

6. 8 "92 

3 .600 

o 

CO 

-3 

6.2568 

i . "  j: 

58  0 

6 . 0600 

1.513 

600 

c\°879 

3.86? 

660 

5.752 1 

1.8  )L 

720 

5.6189 

1 . 376 
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Table  3d  (cont'cH 


time 

seconds 

?80 

8U0 

900 

ll.’iO 

1260 

1380 

1590 

3600 


Run  H20 


H+ 

k' 

5.1ih28  C 

1.390 

8.3^08 

1.38t 

8.3121 

1.266 

8 . 11,62 

5.091,1, 

U.957U 

U.9962 

0.°31. 

5.051,9 
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Table  3 e 


Initial  Concentrations  (C  =  nJi) 

Pd(NH  ).  1.5U55  C 

3  6  3 

I  In,  0.3nr20  H 


tjjp.3 

Ran 

u?2 

Run 

n  3 

seconds 

H*(i  '.18  C) 

k1  liter 
role  sec . 

!!*(!'>.  15  Cl 

k 1  liter 
mol"  s>'\ 

0*" 

5.17  8  C 

6.2.631  0 

60 

•  .1093 

0.013 

8 . 922"1 

0.337 

90 

r  .1129 

0.265 

*.7X9 

0.12^ 

1?0 

c. 111-2 

0.215 

='.931 8 

^.270 

i5o 

5.^630 

'.296 

5.9267 

1.231 

180 

5.760s 

0.261 

5.80 96 

0.280 

210 

5.0696 

0.268 

260 

5.7005 

0.219 

5.7989 

0.235 

270 

5.6960 

0.208 

5.7309 

0.221 

300 

5.6733 

0.190 

5.7605 

0.212 

330 

S.6P71 

0.165 

5.7138 

0.216 

350 

s.c'5lo 

0.218 

5.7093 

>.197 

620 

^ . 11 06  6 

0.180 

5.o255 

0.205 

680 

5.6736 

0.195 

5.5,'6o 

0.210 

56o 

^.r5l6 

"'.163 

— 

6oo 

5.5859 

0.130 

c'.6'll 

i.203 

(60 

M?r6 

r.6?3l 

•>.1>8 

720 

^.6757 

0.122 

r .  3'’-'  9 
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T il'K*  (con*  '  ) 


time 

Run 

22 

6jn  23 

seconds 

k' 

H+ 

K' 

?po 

5. hi i%  C 

5.3636  C 

0 . 1  o5 

R60 

r . 3090 

" .  0  '»6r 

900 

6.339? 

0.1^6 

5.2613 

\i?e 

960 

5.3107 

1020 

‘'.261 3 

5.1902 

ll60 

r.253l 

c  .1239 

1260 

5.2326 

0.120 

5.0763 

.203 

1330 

5.1881 

5.0053 

1500 

d.lb39 

6.963^ 

0.162 

1600 

5.0921 

0.110 

2100 

5.0212 

2ii00 

6.9707 

2700 

6.9233 

0.105 

6.7676 

3100 

6.° 598 

6000 

6.6763 
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Tal  le  3:* 


Initial  Concent  rat  ions 

7.7',,:  x  ir*M 

*IH  N  ), 

o.l  Jl.l  M 

time 

Run  rib 

Run  J-21 

Seconds 

H+  \,ll  .3  x  11" ' 

d\il .  '  3 

0* 

11. 1R  7  x  10"7  m 

11.17  •  x  1 

60 

io.r*»i: 

11.036 

90 

11.179 

10.317 

120 

10.17b 

lo.o'  7 

l?o 

9. 9° 5? 

1 ' .  121 

1.0 

9.q667 

9.9326 

210 

9.7706 

9.r L66 

2U0 

9.7290 

9.7356 

27  0 

9.7100 

3-^0 

9.6ol,6 

3  30 

9.9302 

9.7072 

360 

9.9302 

9.6796 

ii20 

9.5073 

9.6270 

h80 

9.103? 

5Uo 

9.51iU8 

600 

9.5078 

9.5598 

660 

9.27UO 

720 

9.2196 

9.5896 

3t 


Table  3f  (cont'd) 


time 

Run  #16 

Run  #21 

seconds 

H+ 

H+ 

780 

9.2886  x  10“  7  M 

9 . 5UU8  x  10” ? M 

8k0 

9.2812 

9.5078 

900 

9.3030 

9.5210 

1200 

9.2308 

9.2956 

i5oo 

9.219k 

9.0k58 

1800 

8.9312 

3000 

8.8kkO 

3600 

8.700k 

5ooo 

8.2k58 
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